The kinetic analysis of a heavily aluminized cyclotrimethylene-trinitramine (RDX) using Differential Scanning Calorimetry (DSC) is conducted. The Friedman isoconversional method is applied to DSC experimental data and AKTS software is used for the analysis. 
I. Introduction
HE understanding of the response of energetic materials is of broad interest to the energetic materials community for the purposes of safe handling, storage methods, and comprehension of reaction violence. In particular accurate kinetics is essential for predicting the reactive flow behavior of energetic materials.
Several approaches to determine the reaction profile of energetic materials have been proposed. The first one develops detailed mechanism that covers more than hundred reactions [1] . Most of such high energy materials have complex reaction paths which cannot be described by a single reaction step. Nevertheless, the kinetics composed of too many specific reactions is not suitable for efficient computational chemistry for its exhaustively demanding computing time. The second one assumes only a few reaction steps which have dominance on the global chemical reaction [2, 3] . The third approach is an enhancement to isoconversional method of Friedman [4] . The method addresses activation energy and pre-exponential factor which vary with each degree of conversion during the entire reaction. This has gained much attention thanks to a noticeable progress in the integral method [5] and the availability on the kinetics analysis software [6] . The kinetics obtained in this way does not assume multiple chemical steps; instead, a set of multiple Arrhenius factors is constructed based on the local progress of the exothermic reaction. For this reason, we focus on the last approach for building the reaction kinetics for reactive flow response of energetic materials.
To obtain kinetics of reactive materials based on thermal stimulus, several types of thermal tests such as Thermogravimetric Analysis (TGA), Scaled Thermal Explosion (STEX), One-Dimensional Time to Explosion (ODTX) and Differential Scanning Calorimetry (DSC) have been in use. Each of these experiments has its distinct scales of the device and the amount of target samples required for reliable data acquisition.
In this paper, DSC experiments are conducted to extract kinetics of a multi-purpose energetic material which is comprised of 50% RDX (cyclotrimethylene-trinitramine) and 35% aluminum powder with 15% HTPB (hydroxylterminated polybutadiene) binder, and its initial density after pressing is 1.78 g/cc. The DSC has been mainly used to measure the thermal decomposition characteristics of energetic materials [6] [7] [8] [9] . The kinetic scheme derived using T DSC and isoconversional method is essentially a single step with a multiple set of Arrhenius parameters that timeevolve with the reaction progress. So, there is an obvious computational advantage over conventional multi-step kinetics.
To validate the present kinetics, two representative thermal decomposition experiments and a shock initiation experiment are performed to compare the hydrodynamic simulations that utilize the present chemical kinetic scheme.
The thermal tests are essentially motionless as such only thermal and chemical equations are involved simultaneously. As for modeling the full scale response of aluminized RDX, two set of reaction mechanisms must be modeled: the primary detonation of RDX proceeds the deflagration of the aluminized powders that are subsequently ignited by the energetic state of the RDX product gases at elevated temperature and pressure. The kinetic scheme which is derived from DSC is applied to the first stage of RDX reaction. Then the accurately predicted hot product gas state then ultimately gives rise to ignition of aluminum for subsequent burning. Results confirm the suitability of the presented kinetics for practical modeling of the reactive flow system. 
II. DSC Experiment for Kinetics Extraction

B. Kinetics Calculation
The DSC traces have the form of Fig. 1 where the reaction rate 
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Here S(t) is DSC data as a function of time t. B(t) is called baseline which is a reference line for determining the magnitude of heat flow. The construction of baseline involves the superposition of tangents at each side of the exothermic signal peak. Each tangent is linked through the product mass fraction in a baseline function. The determination of baseline is conducted using AKTS-Thermokinetics Software [6] . The reaction rate at the time is Table 1 summarizes the RDX reaction parameters for one-step and three-step kinetic schemes for comparison with the extracted kinetics in the present work [12] .
From DSC signals, the heat of reaction is defined by
At each DSC experiment, the heat of reaction Q is calculated. The average value is used as the heat of reaction of the target sample. The biggest deviation of this value is 5 % as AKTS-Thermokinetics software considers such deviation below 10% being reliable. Under this guideline, the obtained heat of reaction for the aluminized RDX sample is Q=1029.1 J/g. This value indicates released energy per mixture mass, not per RDX mass.
Now the time rate of reaction progress / d dt α is found from the heating tests [6] [7] [8] [9] . The reaction rate is given in the form of Arrhenius, as such
Here R, t , T , A α , E α are universal gas constant, time, temperature, frequency factor and activation energy for given product mass fraction α , respectively. ( ) f α is a function reflecting the dependence on the reaction progress.
We take the logarithm on both sides of Eq. (5):
In 
III. Reactive Flow Model Validations
A. Zero-Dimensional Thermal Test (Differential Scanning Calorimetry)
The governing equations of constant volume reaction are summarized as follows:
where  w is a heating rate. In the DSC experiment using milligram of test sample, the heat of reaction is liberated to the reference material [7] , thus the course of reaction is not influenced by the heat, which is neglected in Eq. (7). The
Arrhenius parameters that evolve with the progress of reaction in Fig. 3 
where A0=5.37 x 10 20 S -1 and E0=221 kJ/mol. The bell-shaped rate given by the one-step kinetics fails to reproduce the measurement, whereas the present kinetics is shown to do that quite well.
B. Multi-Dimensional Thermal Decomposition Test
To show validity and applicability of the extracted kinetics to a practical thermal experiment, we conduct the thermal decomposition experiment or the slow cook-off test. The governing equations are as follows: The slow cook-off test is a standardized experiment for monitoring the violence of reaction of insensitive munitions [13] . The obtained measurements from the test are the time and temperature until the thermal runaway and the classification of the reaction being mild as deflagration to as severe as detonation.
The schematic of the simulation is depicted in Fig. 7 . within 1 hour. The heater temperature is maintained at 108℃ for 7 hours to allow temperature to equilibrate before the final runaway is allowed to occur. Then the heating rate of 3.3℃/hour is used until explosion is witnessed. The conditions given above for simulation are exactly the same as the actual experimental conditions.
The temperature histories are plotted in Fig. 8 , and the corresponding explosion time and temperature are summarized in Table 2 . A very good agreement between the experiment and simulation is observed. The results validate the proposed chemical kinetics and also show the applicability of the model for understanding the practical energetic system under a thermal loading condition such as a fire.
C. A Full Scale Shock Initiation Test
A full scale initiation experiment of a heavily aluminized RDX is simulated. Previously [15] , an impact initiation type rate law based on the ignition and growth framework was used for modeling this test. The model describes the shock to detonation transition process based on the pressure generated during the reaction [16] . Separate ignition term and growth term are used to represent the entire procedure. A simpler model, namely, the JWL++ model is composed of only a growth term [17] , presuming the ignition has occurred already. Thus the exothermic growth phase of reaction describes the extremely rapid runaway process of a full scale initiation test. Furthermore the temperature-driven reaction progress as opposed to a pressure-driven can also be further improved if one considers the statistical hot spot model for physical description of such detonation initiation [18] . This statistical model adopts temperature based kinetics as opposed to pressure based because the reaction due only to a heat conduction is too slow to account for the shock initiation time, and thus the hot spots are modeled to increase the reactive surface area drastically.
In our validation of a full scale shock initiation test, the present kinetic scheme is used to resolve the measured pressure signals. The test charge is assumed ignited and such the reaction growth is tracked in principle similarly to a JWL++ framework. A spherical charge of 7.0 cm radius with 1780 kg/m 3 density is placed in a chamber at 1 bar and detonated. During the whole process, the aluminized RDX is taken to be homogenous. Two pressure gauges are placed at radial distances 1.6 m and 1.9 m away from the charge location. The purpose of the test was to obtain a primary detonation signal (pressure) followed by the sequent pressure peak that is representative of the aluminum afterburning. In order to simulate both chemical processes of RDX reaction and the aerobic reaction of aluminum, a separate reaction model for aluminum reactant is taken, in addition to a main reaction of RDX.
The multi-material hydrodynamic simulation is performed using the reaction models [19] . The conservative laws of mass, momentum, and energy in two-dimensional axisymmetric coordinate are defined by (12) where the vectors represent the conservative variables  U , spatial fluxes in axial and radial directions  E and  F and the source term  S that represents a variety of multi-material loading conditions. In the Eulerian frame work, each vector is given as follows
where φ= 0, 1 for rectangular and cylindrical coordinates, respectively. Here, ρ is density, uz, ur are velocity components in axial and radial coordinates. E e u u is the total energy per unit mass with the specific internal energy e, and p is the hydrostatic pressure. Q ρα  represents a source energy associated with the reaction of RDX and aluminum. The governing equations are solved by a third-order Runge-Kutta in time and ENO (essentially n on-oscillatory) method for discretizing spatial fluxes [20] .
The closure of the mathematical formulation is achieved by specifying the equation of state and the reactive flow model. The Mie-Gruneisen EOS in Eq. (14) is used for unreacted solid RDX [21] , and the isentropic JWL EOS in Eq. (15) is used for the reacted gaseous product [22] .
Here Γ is the Gruneisen gamma, H P and H e are pressure and internal energy of a reference state that follows the Hugoniot curve such that
C0 and S are the bulk sound speed and linear Hugoniot slope coefficient, respectively. Also the shock speed relations
where Ushock is the shock wave velocity, Uparticle is the material particle velocity. A, B, C, R1, R2 are the material dependent JWL parameters with ω being the Gruneisen coefficient of Eq. (15) . The parameters are given in Table 3 .
Here we are dealing with excessive amount of aluminum particles as such a set of separate reaction kinetics must be considered for the afterburning of aluminum that follows primary reaction of the mixture. As for the EOS of gas phase aluminum, the equation below is suitable,
where n is an empirical constant, 0.2 [15, 23] .
Then the mixture EOS is constructed from Eqs. (14), (15) and (21) as such that the product mass fraction RDX α and reactant depletion 1 RDX -α and product mass fraction of aluminum, Al α .
(
In a similar manner, temperature is equilibrated as follows:
The temperature is obtained from the internal energy which is a total energy subtracted by the kinetic energy. The specific heat of the mixture is a sum of partial contributions from the mixture elements.
For the primary reaction of the aluminized RDX mixture, the DSC based kinetics is applied. Also it is assumed that no aluminum particles participate during the initial detonation of RDX. The afterburning of the aluminum was originally applied for aluminum combustion in a gas phase. The aluminum ignition mechanism at high pressure condition is utilized to predict the afterburning of a heavily aluminized RDX. A two-step Arrhenius-type mechanism for modeling the subsequent burning of aluminum that follows reaction of RDX is Then T α represents total final product mass fraction. Also, the heat release due to aluminum reaction is  Al Al r Q which is added to the energy source  S of Eq. (13), where  Al r is aluminum reaction rate and Al Q is the enthalpy of reaction of aluminum (85000 J/g) [24] . Figure 9 is a schematic of the experiment and simulation, showing two locations of pressure measurement. The numerical pressure gauges are located at 1.6 m and 1.9 m. In the simulation, the air is treated as void, requiring no EOS. Figure 10 shows the grid resolution test. Detonation is resolved inside the charge using 1/120 mm while outside the charge, a coarser grid of 10 mm is used to capture the pressure wave propagation.. Figure 11 shows a series of timed images from the full scale test. The aluminum is ignited at 390 μs behind the reacted RDX gases, whereas in [15] that used the ignition and growth rate law, it was ignited at 650 μs. This discrepancy is believed to come from the value of the RDX peak pressure. For lower peak pressure and subsequently lower temperature preferably below 2000 K, Eq. (26) suggests a pre-exponential factor that is about 10 23 times the value of the higher pressure (or temperature) case of Eq. (25). Such a rapid reaction rate would expedite ignition as noted by 390 μs as opposed to a longer 650 μs delay.
In Fig. 11 (c) , the burnt aluminum mass propagates toward the center as well as radially outward, because the fresh aluminum fuel is distributed within the radius of the hot product gas of RDX. Both primary peak of RDX and secondary peak of the afterburning are shown in the simulations. 
IV. Conclusion
A chemical kinetic scheme for a heavily aluminized RDX is constructed based on the DSC experiment and the Friedman isoconversional method. The obtained kinetics with Arrhenius terms that are parametrized by the reaction progress is validated against the experimental data. In the general reactive flow simulation of energetic materials, the present approach possesses considerable advantage in terms of computational efficiency as it closely resembles a single step global reaction scheme while it utilizes innumerable set of Arrhenius parameters that are directly obtained from the instantaneous progress of the reaction. The method outlined here is directly applicable to any other type of energetic materials of wide interest. Tarver et al. [12] Step-1 e 45.5
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